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Microbiology, University of Cincinnati College of Medicine, Cincinnati, OhioABSTRACT Cardiac myosin-binding protein C (cMyBP-C) is a thick-filament-associated protein that modulates cardiac
contractility through interactions of its N-terminal immunoglobulin (Ig)-like C0-C2 domains with actin and/or myosin. These inter-
actions are modified by the phosphorylation of at least four serines located within the motif linker between domains C1 and C2.
We investigated whether motif phosphorylation alters its mechanical properties by characterizing force-extension relations using
atomic force spectroscopy of expressed mouse N-terminal cMyBP-C fragments (i.e., C0-C3). Protein kinase A phosphorylation
or serine replacement with aspartic acids did not affect persistence length (0.435 0.04 nm), individual Ig-like domain unfolding
forces (1185 3 pN), or Ig extension due to unfolding (305 0.38 nm). However, phosphorylation did significantly decrease the
C0-C3 mean contour length by 245 2 nm. These results suggest that upon phosphorylation, the motif, which is freely extensible
in the nonphosphorylated state, adopts a more stable and/or different structure. Circular dichroism and dynamic light scattering
data for shorter expressed C1-C2 fragments with all four serines replaced by aspartic acids confirmed that the motif did adopt
a more stable structure that was not apparent in the nonphosphorylated motif. These biophysical data provide both a mechanical
and structural basis for cMyBP-C regulation by motif phosphorylation.INTRODUCTIONCardiac myosin-binding protein C (cMyBP-C) is a 140-kD
sarcomeric protein that is composed of 11 immunoglobulin
(Ig)- and fibronectin-like domains (C0–C10) (1). Genetic
mutations in cMyBP-C are one of the leading causes of
familial hypertrophic cardiomyopathy (1–3), highlighting
its importance for normal cardiac structure and function.
cMyBP-C is confined to seven to nine stripes in the
A-band (i.e., C-zones) on both sides of the M-line through
its C-terminal association with the thick-filament backbone
(4–6). The N-terminal Ig-like domains C0, C1, and C2; the
Pro-Ala linker between C0 and C1; and the phosphorylat-
able linker (i.e., the motif) between C1 and C2 are believed
to extend away from the thick-filament backbone (4) and
bind actin (7) and/or the myosin head (8), S2 (9), and regu-
latory light chain (10) in a phosphorylation-dependent
manner (11–13). This may provide a partial molecular and
structural basis for cMyBP-C’s modulation of cardiac
contractility. Specifically, both removal of the N-terminal
domains and ablation of MyBP-C, through either genetic
manipulation or chemical extraction, results in enhanced
actomyosin kinetics, as evidenced by faster actin velocities
over native thick filaments (14), increased unloaded short-
ening velocity (15), and rates of tension recovery after
a length change (16). Given that cMyBP-C’s C-terminal
domain is attached to the thick filament (5), cMyBP-C couldSubmitted September 21, 2012, and accepted for publication December 14,
2012.
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0006-3495/13/01/0442/11 $2.00inhibit actomyosin force and motion generation by acting as
a tether or strut to constrain myosin head mobility and thus
the kinetics of motion generation through its N-terminal
interactions with domains near the myosin head (10,17).
In contrast, cMyBP-C binding to actin may compete for
myosin-binding sites (18), modulate the regulatory capacity
of troponin-tropomyosin (19–21), or likewise inhibit motion
by acting as an elastic tether (13).
cMyBP-C motif phosphorylation in response to b-adren-
ergic stimulation is a major determinant of increased cardiac
contractility (1–3),with phosphorylation occurring on at least
four serines (S273, S282, S302, and S307) (2,14,22,23).
Upon protein kinase A (PKA) treatment of myocardial prep-
arations, accelerated cross-bridge kinetics contribute to the
faster unloaded shortening velocities (24) and tension recov-
eries in response to a stretch (16,25). Because these enhanced
mechanical properties are similar to those observed in the
absence of cMyBP-C (see above), motif phosphorylation
and its ability to weaken cMyBP-C’s interaction with actin
(12,13) and myosin (11) effectively reduce cMyBP-C’s
capacity to inhibit actomyosin force and motion generation.
Determining how phosphorylation affects cMyBP-C’s struc-
ture and function (specifically that of the motif) is critical for
understanding why high levels of cMyBP-C phosphorylation
are required for normal cardiac performance (26,27), in
contrast to low phosphorylation levels that are closely associ-
ated with cardiac pathologies and heart failure (26,28,29).
The structure of the 103 amino acid motif was originally
thought to resemble an Ig-like fold, based on homology
modeling of small-angle x-ray scattering (SAXS) andhttp://dx.doi.org/10.1016/j.bpj.2012.12.021
cMyBP-C Motif Phosphorylation 443circular dichroism (CD) data (30). However, in later SAXS
analyses, Jeffries et al. (31) proposed that the motif is
unstructured, as confirmed by NMR structure determina-
tion, except for a triple-helix bundle in the motif’s
C-terminus (residues 317–361) (32). The unstructured
nature of the motif was reinforced by atomic force spectros-
copy studies in which the force-extension relationships for
expressed C1-C2 fragments of cMyBP-C provided evidence
that the motif is freely extensible (33). This extensibility
may be necessary for the N-terminal domains of cMyBP-C
to interact with actin and/or myosin while the C-terminal
domains are anchored to the thick filament. However, motif
phosphorylation may regulate cMyBP-C function either by
stabilizing the existing motif structure through new electro-
static interactions or by facilitating the development of new
secondary structural components (32).
If the motif is stabilized upon phosphorylation, this
change may be apparent through a reduction in extensibility.
To test this hypothesis, we used atomic force microscopy
(AFM) to characterize the force-extension relations of
bacterially expressed mouse N-terminal fragments (i.e.,
C0-C3). The C0-C3 fragment is ideal for AFM-based exten-
sion measurements because the C0-C1 and C2-C3 portions
of the fragment act as molecular handles (34), allowing the
motif to be stretched free of any interactions with either the
glass slide or the AFM probe tip. The force-extension rela-
tions of nonphosphorylated C0-C3 showed a characteristic
sawtooth, Ig-like domain unfolding pattern, with unfolds
occurring at lengths consistent with the motif being freely
extensible as previously reported (33). To determine the
impact of motif phosphorylation on C0-C3’s molecular
mechanics, we phosphorylated fragments by PKA treatment
and expressed mutant C0-C3s with the four motif serines
(S273, S282, S302, and S307) substituted with either
alanines (A) or aspartic acids (D) to mimic the nonphos-
phorylated or phosphorylated states, respectively (14).
Upon PKA phosphorylation or phosphomimetic replace-
ment, the force-extension relations suggested that C0-C3
was less extensible, with a reduction in length consistent
with a stable motif. Similarly, circular dichroism (CD)
spectroscopic and dynamic light scattering (DLS) data for
shorter expressed C1-C2 fragments with the four serines re-
placed by aspartic acids confirmed that the phosphorylated
motif, unlike its nonphosphorylated analog, has properties
consistent with a stable structure. These biophysical data
provide both mechanical and structural bases for cMyBP-C
regulation by motif phosphorylation.MATERIALS AND METHODS
cMyBP-C protein fragment expression
cMyBP-C N-terminal fragments were bacterially expressed from mouse
cardiac cDNA using a pET expression system (Novagen, Madison, WI)
(35). Five different constructs were expressed for atomic force spectros-
copy: C0-C3 control (amino acids 1–539) and four C0-C3 constructswith either the first three serines or all four serines (S273, S282, S302,
and S307) replaced with aspartic acids (D) as a phosphomimetic or alanines
(A) as a nonphosphorylated analog. The mutant constructs are referred to as
either C0-C3XXX or C0-C3XXXX, where X is either A or D and the number
of Xs refers to the number of serine replacements. The purity of these
expressed samples was reported recently (19). Two shorter C1-C2 frag-
ments containing the motif, C1-C2AAAA and C1-C2DDDD, were expressed
for CD and DLS spectroscopy. These shorter fragments were used to maxi-
mize the signal of the motif over the two flanking Ig domains as compared
with C0-C3 with its four Ig domains.PKA phosphorylation
One group of C0-C3 control fragments (200 ml at 0.5 mg/ml) was phosphor-
ylated by incubation with 40 units of PKA (P2645; Sigma-Aldrich,
St. Louis, MO) at 30C for 20 min, and then at 4C overnight in 2 mM
DTT, 50 mM MOPS, 1 mM MgCl2, and 2 mM ATP, pH 7.0. As a control,
C0-C3 was incubated in the same buffer without PKA, and no apparent
effect on the force-extension relations was observed by atomic force spec-
troscopy (data not shown). This phosphorylation protocol resulted in nearly
100% phosphorylation at S273, S282, and S302, and lesser phosphorylation
(i.e., 83%) at S307 as determined previously by mass spectrometry (13).
Due to the incomplete phosphorylation of S307 observed after in vitro
PKA treatment of C0-C3 fragments (13) or in mouse wild-type native thick
filaments (14), a comparison of the mechanical properties of C0-C3DDD and
C0-C3DDDD may indicate whether phosphorylation of the fourth site has
any functional impact.Atomic force spectroscopy
Expressed C0-C3 was diluted to a concentration of 10 nM in dilution
buffer (25 mM KCl, 1 mM EGTA, 10 mM DTT, 25 mM imidazole, and
4 mM MgCl2, pH 7.4) and stored on ice until use. Before tests were con-
ducted, 50 ml of this protein solution was pipetted onto a glass slide (76 
25 mm, 1 mm thick; Gold Seal Products, Portsmouth, NH) and allowed to
adsorb for 10 min, resulting in a sparse distribution of proteins on the
glass surface with minimal aggregation. The slide was then washed three
times by solution exchange with 50 ml of dilution buffer. A 150 ml solution
bubble was formed over the sample on the glass slide. Experiments were
carried out at room temperature (24C 5 1C). The effect of ionic
strength on force-extension behavior for only the C0-C3AAA and
C0-C3DDD constructs was tested in dilution buffers containing 25, 180,
and 300 mM KCl.
Force-extension measurements (Fig. 1) were carried out on an AFM
(MFP-3D; Asylum Research, Santa Barbara, CA) using uncoated silicon
nitride probes (200 mm triangular with 15 nm tip radius; Budget Sensors,
Sofia, Bulgaria). Before tests were conducted, the spring constant of each
cantilever (average 395 8 pN/nm) was calculated with the use of commer-
cial software provided by the manufacturer. Briefly, the calibration proce-
dure involved calculating the inverse optical lever sensitivity of the
cantilever by pressing it against the glass slide surface, performing a thermal
sweep, and calculating the cantilever spring constant using the equipartition
method (36). Protein extension experiments were carried out by bringing
the AFM probe into contact (defined by 5 nm of cantilever deflection)
with the slide surface and maintaining contact for 1 s. The probe was
then retracted at a velocity of 700 nm/s to a distance of 300 nm. This
velocity is within the physiological range of cardiac muscle fiber short-
ening, and the extension distance was estimated to be far enough to ensure
full unfolding of the C0-C3 fragment (assumed to be 194 nm given the 539
amino acid fragment and 0.36 nm/residue). Force and extension were
sampled at 6 kHz. The force-extension procedure was repeated automati-
cally over 100–400 mm2 slide surface areas in a square grid pattern of
100–900 points. All data were collected within 90 min after the protein
fragments were warmed to room temperature.Biophysical Journal 104(2) 442–452
FIGURE 1 Typical AFM-acquired force-exten-
sion traces. C0-C3, composed of Ig-like domains
(ovals), Pro-Ala linker, and motif linker (M), is first
extended to its initial contour length (LC). Its length
is then increased by a series of Ig-like domain
unfolding events (n ¼ 1–4; ovals to lines) once
unfolding forces (FUnfold) are reached (the order of
domain unfolds is assumed for illustrative purposes
only). At C0-C3’s final contour length (LC(Unfolded)),
detachment (Det.) occurs. Solid curves through the
data are wormlike-chain model fits (Eq. 1). (A–F)
Nonphosphorylated fragments (A–C) have LC
consistent with a freely extensible motif, whereas
fragments phosphorylated by either PKAor aspartic
acid substitution at three or four sites (D–F) exhibit
visibly shorter LC, presumably because the motif
(M) adopts a stable structure with phosphorylation.
TABLE 1 Mechanical properties of C0-C3 fragments obtained
by AFM
LC (nm)
a DLC (nm) LP (nm)
Control 675 2 (n ¼ 64) 315 1 (n ¼ 34) 0.315 0.04 (n ¼ 18)
PKA 38 5 3 (n ¼ 29)b 305 2 (n ¼ 20) 0.345 0.06 (n ¼ 7)
AAA 585 1 (n ¼ 55) 305 2 (n ¼ 42) 0.475 0.09 (n ¼ 12)
DDD 36 5 2 (n ¼ 70)b 305 1 (n ¼ 52) 0.395 0.14 (n ¼ 15)
AAAA 625 1 (n ¼ 44) 305 1 (n ¼ 35) 0.655 0.07 (n ¼ 9)
DDDD 41 5 2 (n ¼ 43)b 305 1 (n ¼ 34) 0.475 0.10 (n ¼ 9)
Average mean 5 SE values, with the number of observations in paren-
theses. Data were analyzed across each variable using a one-way
ANOVA (ap < 0.0001), and Tukey’s post-hoc test was used to compare
each group with control (bp < 0.0001).
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Data files for a given experimental group consisted of ~7000 force-exten-
sion traces that were first scanned using a mechanical fingerprinting routine
(34) implemented in MATLAB (The MathWorks, Natick, MA) to compare
and rank each trace based on its similarity to a characteristic sawtooth
pattern associated with the unfolding of Ig-like domains (37). This pattern
was described by force rising as the fragment was extended (Fig. 1 A), fol-
lowed by a sudden drop that corresponded to the unfolding of one of the
Ig-like domains (38). Such events occurred multiple times as each Ig-like
domain unfolded, with the final peak rising and dropping to zero force
due to the fragment detaching from either the AFM probe or the glass
surface. Useable traces were defined as those containing at least three
unfolding peaks, to ensure extension of the motif. Traces in which the
unfolding peak spacing was clearly <30 nm were discarded to avoid
analyzing data that might have originated from multiple fragments attach-
ing to the probe as a result of dimerization or aggregation (see Fig. S1 in the
Supporting Material for a summary of possible molecule-probe adhesions
and the predicted resulting unfolding behavior).
Traces that showed at least four peaks (three domain unfolds and subse-
quent detachment) separated by ~30 nm (33) were manually selected from
the best fits and used to characterize the unfolding force of Ig-like domains
(FUnfold), along with persistence and contour lengths (see below). Events
were classified as peaks if their amplitudes were >30 pN, which was three
times the root mean-square noise of the AFM system. Force-extension
behavior was characterized by using a MATLAB script to fit the wormlike
chain model (39) to each peak in the force-extension trace using least
squares. The wormlike chain model relates the force measured up to each
unfolding event (Fi) to applied extension (z) as follows:
Fi ¼ kBT
Ai
0
BBB@
z
Bi
þ 1
4

1 z
Bi
2  14
1
CCCA (1)
Equation 1 was fit with Ai (persistence length) and Bi (contour length) as
independent variables to each force peak, i ¼ 1,...,n as shown in Fig. 1,Biophysical Journal 104(2) 442–452where n is the number of force peaks, including n-1 Ig unfolding events fol-
lowed by detachment. Each of these curve fits contains information about
the initial contour length of the protein fragment, LC, and the incremental
contour length,DLC, resulting from the unfolding of an Ig domain. Because
the incremental contour length, defined asDLCi¼Biþ1Bi for i¼ 1,.,n-1,
showed no significant dependence on phosphorylation (Table 1), it was
assumed that all Ig unfolds could be represented by the global average incre-
mental contour length,<DLC>. Avalue for initial contour length, LC, could
thus be calculated from each curve fit by subtracting <DLC>multiplied by
the number of unfolded domains, (i-1), as follows: LC¼Bi [(i-1)<DLC>].
For each force-extension trace, the persistence length of the fragment was
determined from the initial force peak, LP ¼ A1.CD spectroscopy
CD spectra of the nonphosphorylated analog, C1-C2AAAA, and the fully
phosphorylated phosphomimetic, C1-C2DDDD, were recorded on a spec-
trometer (model 400; AVIV Biomedical, Lakewood, NJ) at 15C in
10 mM borate buffer containing 1 mM DTT, pH 8, at concentrations
ranging from 0.1 to 0.3 mg/ml using a quartz cuvette with a 0.1 cm path
length. Readings were collected at 1 nm intervals from 185 to 260 nm
with a 150 s averaging time. Background corrections were done by
cMyBP-C Motif Phosphorylation 445subtracting spectra of the borate buffer from the C1-C2AAAA and
C1-C2DDDD spectra. Protein concentrations were determined by UVabsor-
bance at 280 nm of the measured samples. The CD spectra were analyzed
using three separate algorithms (CDSSTR, CONTIL, and SELCON; for
average values, see Table 3).
In addition, the temperature stability at 206.5 nm was recorded for
0.2 mg/ml of C1-C2AAAA and C1-C2DDDD in 10 mM borate buffer contain-
ing 1 mM DTT, pH 8. For these experiments the temperature was increased
from 15C to 100C at a fixed heating rate (0.3C/min), with ellipticity re-
corded every 2.0C. The effect of ionic strength on temperature stability
was measured in 10 mM borate buffer containing 1 mM DTT, pH 8 and
250 mM KCl. Plots of temperature versus ellipticity (see Fig. 5) were
used to estimate the thermal stability of C1-C2AAAA and C1-C2DDDD
fragments.FIGURE 2 Effect of phosphorylation on initial contour length. Phosphor-
ylation, either by PKA treatment or by replacement with three or four
aspartic acids, significantly (*p < 0.01) reduced the initial contour length
by 21–29 nm relative to unphosphorylated analogs (see Table 1).DLS
DLS experiments were performed on a Protein Solutions DynaPro MS/X
instrument (Charlottesville, VA) at 25C and 35C on 7–30 mM
C1-C2AAAA and C1-C2DDDD in 10 mM borate buffer containing 1 mM
DTT, pH 8. Before analysis, the samples were centrifuged at 14,000 x g
for 10 min to remove large interfering particles. Aliquots (12 ml) of
C1-C2AAAA or C1-C2DDDD were placed in a temperature-controlled quartz
cell, measurements were acquired for 10 s, and 20 data sets were collected.
The data were analyzed using Dynamic V6.0 software (Protein Solutions,
Lakewood, NJ).RESULTS
Force-extension characteristics of
nonphosphorylated C0-C3 fragments
The mechanical properties of nonphosphorylated C0-C3
control fragments at the molecular level were characterized
by AFM-based force-extension traces (Fig. 1). Individual
traces exhibited a characteristic sawtooth pattern with up to
five peaks, four of which corresponded to unfolding events
associated with each of the four Ig-like domains (C0-C3).
The final peak corresponded to the detachment (average
force: 1855 9 (SE) pN) of the protein from either the probe
or the glass surface. From these traces, values for the Ig-
domain unfolding force for each peak, FUnfold, were deter-
mined (Fig. 1 A). Values for the initial contour length, LC,
the incremental contour length resulting from each unfolding
event, DLC, and the persistence length, LP, were estimated
from fits of the force-extension trace (median R2 ¼ 0.972)
to the wormlike chain model (see Materials and Methods).
There were no apparent differences in the force-extension
traces for the nonphosphorylated C0-C3 control and the
two mutant nonphosphorylated analogs, C0-C3AAA and
C0-C3AAAA (Fig. 1, A–C). Specifically, LC-values were
not different (p > 0.05; Fig. 2, Table 1), with an average
of 625 1.2 (SE) nm for all three constructs. This LC should
reflect the length of the extended C0-C3 fragment (see Fig. 1
A). The DLC associated with each Ig-domain unfolding
event was not different for the three constructs, averaging
305 0.29 (SE) nm (Table 1). This value is in close agree-
ment with previously reported measurements of Ig-domain
unfolding in titin (38,40) and more recently in wholecMyBP-C (33). The unfolding force, FUnfold, associated
with these unfolding events, which ranged between 32 and
273 pN, showed an increasing trend with number of unfold-
ing events (Fig. 3). Although this trend was reported previ-
ously (33) and may arise from differences in structure
between cMyBP-C domains (31,40), there may in fact be
no differences in FUnfold for the C0-C3 Ig domains, because
pooling FUnfold data in sequential order from different traces
without knowing which Ig domain is unfolding can lead
statistically to an apparent trend in FUnfold (41). Finally,
the persistence lengths, LP, determined from the force-
extension curves leading up to the first peak (see Materials
and Methods) were no different for three nonphosphorylated
constructs (Table 1), with an average value of 0.475 0.04
(SE) nm, which is on the order of a single amino acid
(0.36 nm). This suggests that the LP for the nonphosphory-
lated C0-C3 constructs should be dominated by highly
disordered regions, most likely the motif and the Pro-Ala
linker.Force-extension characteristics of
phosphorylated and phosphomimetic C0-C3
fragments
To test the hypothesis that motif phosphorylation alters the
structural/mechanical properties of the C0-C3 fragment,
and presumably the motif itself, we characterized force-
extension relations in PKA-treated C0-C3 fragments that
were 83% phosphorylated at all four serines (13), and
in mutant phosphomimetic analogs, C0-C3DDD and C0-
C3DDDD. Force-extension traces for the PKA-treated,
C0-C3DDD, and C0-C3DDDD constructs displayed the same
sawtooth pattern as the nonphosphorylated constructs
(Fig. 1, D–F). Wormlike chain fits to these traces showedBiophysical Journal 104(2) 442–452
FIGURE 3 Unfolding force as a function of unfold number. All groups
showed a similar trend of increasing FUnfold (mean5 SD) with successive
unfolding events. Each data point was derived from between two and 41
events. There were no significant differences in the slope of FUnfold versus
unfold number for any construct.
TABLE 2 Effect of ionic strength on the mechanical
properties of C0-C3 fragments obtained by AFM
KCl (mM) Construct LC (nm) DLC (nm) LP (nm)
25 AAA 58 5 1
(n ¼ 55)
305 1
(n ¼ 42)
0.475 0.09
(n ¼ 12)
DDD 36 5 2
(n ¼ 70)a
305 1
(n ¼ 52)
0.395 0.14
(n ¼ 15)
180 AAA 64 5 2
(n ¼ 54)
315 1
(n ¼ 40)
0.525 0.07
(n ¼ 13)
DDD 48 5 2
(n ¼ 91)a
285 1
(n ¼ 67)
0.435 0.06
(n ¼ 18)
300 AAA 62 5 2
(n ¼ 28)
315 1
(n ¼ 21)
0.585 0.07
(n ¼ 7)
DDD 48 5 3
(n ¼ 37)a
285 1
(n ¼ 35)
0.465 0.09
(n ¼ 9)
Average mean5 SE values, with the number of observations in parentheses;
ap < 0.001 between AAA and DDD.
446 Michalek et al.no effect of PKA treatment or phosphomimetic replacement,
regardless of the number of serines replaced, on either DLC
or LP (Table 1). FUnfold showed an increasing trend with
unfold event number, as in the nonphosphorylated
constructs, and there was no difference in this trend across
all constructs tested or in comparison with the nonphos-
phorylated controls (Fig. 3). The similarity in DLC and
FUnfold between phosphorylated and nonphosphorylated
C0-C3 constructs might be expected given that these are
properties that should be dominated by the four Ig domains
rather than by the motif itself.
The most striking difference in the force-extension traces
for the PKA-treated and phosphomimetic constructs com-
pared with their respective controls was a significant
21–29 nm decrease in LC (Fig. 2, Table 1). These reductions
in initial contour length were visibly apparent in the
force-extension traces as a decreased extension at which
the first unfolding event occurred (Fig. 1). In addition,
there was no significant difference in the amount of LC
reduction with the addition of a fourth aspartic acid in the
C0-C3DDDD construct compared with C0-C3DDD (Fig. 2,
Table 1).Biophysical Journal 104(2) 442–452Effect of ionic strength on force-extension
characteristics
To determine whether the reduction in LC with phosphoryla-
tion was dependent on ionic strength, we compared force-
extension traces for C0-C3AAA and C0-C3DDD at 25, 180,
and 300 mM KCl. There were no associated changes in LP
or DLC with ionic strength for the C0-C3
DDD compared
with its C0-C3AAA control (Table 2). Although increasing
ionic strength had no significant effect on the force at which
proteins disassociated from the AFM probe, it did decrease
the frequency of attachment events (data not shown). The
average LC-values under all three KCl conditions were
significantly shorter for C0-C3DDD than for C0-C3AAA
(Table 2). LC frequency distributions for C0-C3
AAA
(Fig. 4) were described by single Gaussian distributions
(R2 ¼ 0.77–0.95) at all KCl concentrations, with values of
57 5 7 nm, 66 5 10 nm, and 66 5 6 nm for 25, 180,
and 300 mM KCl, respectively. The LC distributions for
C0-C3DDD, however, were best described by the sum of
two Gaussians (R2 ¼ 0.82–0.97) at all ionic strengths
(Fig. 4). One distribution had LC comparable to that of
C0-C3AAA (i.e., 65 5 3 nm, 60 5 5 nm, and 66 5 6 nm
for 25, 180, and 300 mM KCl, respectively), and the second
distribution was a shorter, less extensible population (i.e.,
34 5 13 nm, 37 5 6 nm, and 37 5 3 nm for 25, 180,
and 300 mM KCl, respectively). The relative fractions of
the extensible and inextensible populations in C0-C3DDD,
however, showed a trend with increasing ionic strength,
ranging from almost completely inextensible at 25 mM
KCl to approximately evenly divided at 300 mM KCl.Motif structural changes with phosphomimetic
replacement
CD spectroscopy
CD spectroscopy was used to assess the secondary structure
of C1-C2AAAA and C1-C2DDDD at 15C. CD spectra for
FIGURE 4 Effect of ionic strength on LC. The C0-C3
AAA and C0-C3DDD
constructs were tested in buffers with different concentrations of KCl to
determine the influence of ionic strength on motif fold stability. Whereas
LC for C0-C3
AAA had a similar frequency distribution at all KCl concentra-
tions, C0-C3DDD separated into distinct inextensible (short LC) and exten-
sible (LC comparable to C0-C3
AAA) populations at higher concentrations.
FIGURE 5 Temperature dependence of the far-UV CD spectra of C1-
C2AAAA and C1-C2DDDD. (A) Temperature dependence of the ellipticity
of C1-C2AAAA in 10 mM borate, 1 mM DTT, pH 8. (B) Temperature depen-
dence of the ellipticity of C1-C2DDDD in borate buffer as in A. (C) Temper-
ature dependence of the ellipticity of C1-C2AAAA in borate buffer containing
250 mM KCl. (D) Temperature dependence of the ellipticity of C1-C2DDDD
in borate buffer containing 250 mM KCl. The protein concentration for C1-
C2AAAA and C1-C2DDDD was 0.2 mg/ml. The data were collected at
206.5 nm in intervals starting at 15C.
cMyBP-C Motif Phosphorylation 447C1-C2AAAA and C1-C2DDDD exhibited a broad minima
around 215–218 nm and a positive band around 195 nm
(data not shown). This was consistent with both proteins
being comprised of predominantly b-sheet secondary struc-
ture (Table 3).
To further investigate structural differences between
C1-C2AAAA and C1-C2DDDD, we recorded the temperature
dependence of their CD spectra. We chose a wavelength of
206.5 nm to monitor the temperature dependence of the
ellipticity, because the contribution from b-sheet secondary
structure at this wavelength is minimal compared with the
a-helix and coil components (42). Significant differences
in temperature dependence of the CD at 206.5 nm for the
two proteins were observed (Fig. 5, A and B). C1-C2AAAA
exhibited a weak transition, with a midpoint of ~41C,
characterized by a slight decrease in negative ellipticity
(Fig. 5 A). In contrast, C1-C2DDDD demonstrated a large
increase in negative ellipticity with a transition at ~51C,
which was indicative of an increase in coil or helical struc-
ture (Fig. 5 B). The negative CD transition observed for
C1-C2DDDD was concomitant with an increase in scattering
(data not shown), which suggests a corresponding increase
in hydrodynamic size. The temperature dependence of the
ellipticity at 206.5 for C1-C2DDDD is most consistent withTABLE 3 Secondary structure content in C1-C2AAAA and
C1-C2DDDD
Construct b-strand a-helix turns/undefined
C1-C2AAAA 29–43 17–20 58–68
C1-C2DDDD 29–44 17–21 59–68
C1-C2a 35–41 6–8 50–60
Range of secondary structure percentages determined by CD spectroscopy
and by averaging percentage secondary structure from separate data
collections that were analyzed using multiple data sets and algorithms
(52,53,61–63).
aData from Jeffries et al. (30).an increase in helical structure induced by dimerization
and/or oligomerization at high temperature. In contrast, no
temperature-dependent secondary structure formation was
observed for C1-C2AAAA.
To determine the effect of ionic strength on C1-C2AAAA
and C1-C2DDDD, we assessed the temperature dependence
of the ellipticity at 206.5 nm in the presence of 250 mM
KCl (Fig. 5, C and D). In high salt, C1-C2AAAA produced
a temperature-dependent decrease in negative ellipticity
(Fig. 5 C), which coincided with an increase in both scat-
tering intensity and CD dynode voltage followed by a loss
of CD dynode voltage (data not shown). Together, these
data suggest a temperature-dependent loss of structure
and/or formation of b-type structure with aggregation, fol-
lowed by heat-induced denaturation and precipitation. In
contrast, significant changes in the temperature dependence
of the ellipticity at 206.5 nm were observed for C1-C2DDDD
(Fig. 5 D), with increased negative ellipticity at ~46C
preceding a decrease in negative ellipticity. The increased
negative ellipticity coincided with an increase in scattering
intensity, which suggested a temperature-dependent
increase in helical structure accompanying the dimerization
of C1-C2DDDD. This was immediately followed by a
decrease in negative ellipticity and scattering, suggesting
precipitation of the newly formed dimeric structure. A
similar atypical CD thermal denaturation curve was
observed for the Nudix protein (hydrolase DR_0079 (43)).
DLS
The C1-C2AAAA construct exhibited a hydrodynamic radius
(RH) of 31.0 A˚with a predicted molecular mass of 49 kD, as
compared with C1-C2DDDD with a 38.0 A˚ RH and predicted
molecular mass of 75 kD. A slightly larger radius of gyrationBiophysical Journal 104(2) 442–452
448 Michalek et al.(Rg) of 35.2 A˚was previously determined for nonphosphory-
lated mouse C1-C2 by SAXS analysis (31). It should be
noted that DLS is converted to hydrodynamic radius by
means of the Stokes-Einstein equation assuming a hard
sphere. The fact that both C1-C2AAAA and C1-C2DDDD are
rod-shaped results in RH values and apparent hydrodynamic
molecular masses larger than the actual molecular masses.
Whereas the RH value for C1-C2
DDDD is consistent with
three globular domains in a rigid, cylindrical arrangement,
the lower value for C1-C2AAAA likely reflects a distribution
of bent conformations arising from extra flexibility in the
nonphosphorylated motif. DLS from C1-C2AAAA and C1-
C2DDDD was used to further monitor the temperature-depen-
dent buildup of oligomeric intermediates (C1-C2DDDD in
Fig. 6). At 25C and protein concentrations up to ~30 mM,
C1-C2AAAA and C1-C2DDDD were found to be monomeric.
However, Fig. 6 shows a plot of RH for C1-C2
DDDD that
clearly demonstrates the transient buildup of dimers and
the formation of oligomers at temperatures > 35C. Similar
results were found for C1-C2AAAA.DISCUSSION
Phosphorylation of the cMyBP-C motif leads to enhanced
cardiac contractility in response to physiologic stress (1–3).
The important role of motif phosphorylation, which operates
at least partially through changes in the binding affinity of
cMyBP-C for actomyosin (11–13) and through potential
changes in the mechanical behavior of cMyBP-C once it is
bound to actin and/or myosin, directed our focus to potential
alterations in the molecular structure and mechanical proper-
ties of the phosphorylated motif. Our characterization of
force-extension relations in the AFM and CD/DLS analyses
using bacterially expressed mouse cMyBP-C N-terminal
fragments indicated that phosphorylation stabilized the
motif’s structure such that it was no longer flexible and freely
extensible. This is supported by the following evidence: 1),
phosphorylation of C0-C3’s by PKA-treatment resulted in a
29 nm reduction in LC (Fig. 2, Table 1); 2), phosphomimetic
replacement of either the first three or all four serines in theFIGURE 6 Temperature dependence of DLS intensity and predicted
hydrodynamic radius of C1-C2DDDD. The DLS scattering intensity and
hydrodynamic radius traces for 7 mM C1-C2DDDD at 25C (black circles)
and at 35C (gray circles) in 10 mM borate, 1 mM DTT, pH 8, are shown.
Both the scattering intensity and hydrodynamic radius remain constant at
25C but gradually increase at 35C due to self-association.
Biophysical Journal 104(2) 442–452motif (S273, S282, S302, and S307) also resulted in shorter
LC; and 3), CD andDLS analyses suggested that the phospho-
mimetic replacement of all four serines in the C1-C2DDDD
caused the motif to develop additional helical structure and
becomemore rigid, resulting in a larger hydrodynamic radius
compared with the nonphosphomimetic C1-C2AAAA control.
These findings may provide a structural andmechanical basis
for the impact that motif phosphorylation has on cMyBP-C
function.Force-extension of nonphosphorylated C0-C3
Single-molecule AFM studies have provided unprecedented
insight into the molecular mechanics of titin (44), a sarco-
meric protein with elastic properties that resists stretch in
relaxed striated muscle (45). Like cMyBP-C, titin is a multi-
domain protein composed of numerous tandem Ig-like
domains (45). Elongation of these domains under constant
velocity extension in the AFM produces sawtooth force-
extension curves that characterize the unfolding of its indi-
vidual Ig-like domains (38,40). Thus, the earlier titin AFM
studies provided a methodological and analytical frame-
work that was recently applied to whole cMyBP-C (33)
and was the basis of the studies presented here.
Force-extension traces for nonphosphorylated C0-C3
constructs exhibited the expected sawtooth pattern, with
a maximum of four peaks associated with Ig-domain unfold-
ing events followed by a peak corresponding to molecular
detachment. The initial contour length, LC, should reflect
the total length of the three or four stable Ig domains, the
Pro-Ala linker, and the motif. Assuming a 4 nm folded
length for each Ig-like domain (38,46–48) and 0.36 nm/
residue for the two freely extensible linkers (Pro-Ala linker:
50 amino acids/18 nm; motif: 103 amino acids/37 nm) (33),
we predict a 67–71 nm LC for the C0-C3 fragment. This
value is similar to the 58–67 nm LC measured for the non-
phosphorylated C0-C3 control and alanine-replacement
mutants (Table 1). The lower experimentally determined
value most likely reflects the fact that C0-C3’s attachment
points to the glass slide and AFM probe were not vertically
aligned, causing the molecule to be stretched on a diagonal
rather than along its longitudinal axis (46). In addition, the
attachment points may not be at the extreme N- and
C-termini, which by itself would lead to a shorter estimated
LC (see Fig. S1). These two factors would also contribute to
the observed final contour lengths of 172 5 19 nm for
traces, with four unfolds being shorter than the 195 nm pre-
dicted value for the fully unfolded 539 amino acid C0-C3
control fragment.Phosphorylation reduces LC of C0-C3 by
stabilizing the motif
The C0-C3 force-extension traces provide a mechanical
description of the structural domains and their extensibility.
cMyBP-C Motif Phosphorylation 449Because both motif phosphorylation as a result of PKA
treatment and phosphomimetic replacement induced a
21–29 nm reduction in LC, we believe this mechanical alter-
ation originated within the motif, because no other amino
acids were modified or mutated in this study. A less exten-
sible motif upon phosphorylation could arise from the motif
becoming stabilized by intramotif electrostatic interactions
due to the addition of the negatively charged phosphates,
or adopting a new tertiary structure. The recently published
NMR motif structure is characterized by several solvent-
exposed arginines (R326, R342, and R347) and lysines
(K346 and K349) in the C-terminal triple-helix bundle
(32). These positively charged residues could electrostati-
cally interact with the negatively charged phosphoserines
(or aspartic acid phosphomimetics) in the N-terminal
portion of the motif (Fig. 7), resulting in a more stable motif
(49). This could account for the measured 21–29 nm
decrease in LC with phosphorylation, as similar electrostatic
interactions have been proposed for the observed reduction
in LC within the titin PEVK region after PKCa serine phos-
phorylation (50).
If electrostatic interactions stabilize the motif structure
upon phosphorylation, then changes in ionic strength should
affect these interactions. In support of this notion, we found
that raising the KCl concentration from 25 to 300 mM
reduced the likelihood of LC reduction observed for a given
C0-C3DDD molecule (Table 2). Whereas the distribution of
LC for C0-C3
AAA remained near 60 nm with ionic strength,
LC distributions for C0-C3
DDD were bimodal at all KCl
concentrations with a population at 60 nm, similar to theFIGURE 7 Model of motif equilibrium between two structural states. (A)
When it is nonphosphorylated, the motif is conformationally dynamic
(blurred image) and compact but readily extensible (kinetic arrow toward
extended structure) under low force (F) applied to the end of the motif
(upward arrow). Balls with þ signs represent positive charged residues,
and balls with 0 signs represent nonphosphorylated serines. (B) Upon addi-
tion of negatively charged phosphates to motif serines (balls with – signs),
the motif structure becomes stabilized by electrostatic interactions (kinetic
arrow toward compact structure) but may still be forcibly extended
(F, upward arrow).C0-C3AAA control, and a shorter LC population near 40 nm
(Fig. 4), with the relative proportion of these two populations
being dependent on salt concentration. Specifically, at
25 mM KCl, the C0-C3DDD LC was predominantly of the
shorter population, shifting toward longer LC at higher salts.
Therefore, the motif appears to be in equilibrium between
two states, with the probability of being in either state
depending on both the applied load, phosphorylation state
of the motif, and ionic conditions (Fig. 7).
In addition to a 21–29 nm reduction in LCwith motif phos-
phorylation, occasionally the C0-C3DDD and C0-C3DDDD
force-extension traces (n¼ 4) had up to five unfolding peaks
(Fig. 8) even though there were only four Ig domains. The
appearance of traces containing a fifth unfolding peak
suggests that one of the peaks resulted from the extension
of the stabilized, phosphorylated motif. Because we cannot
assign a particular unfolding event to a specific domain,
and given that these unfolding events are mechanically indis-
tinguishable in terms ofDLC and unfolding force, FUnfold, we
propose that the unfolding force of the phosphorylated motif
lies within the full range of Ig-domain unfolding forces
(50–200 pN) as characterized in the nonphosphorylated
controls (Fig. 3). Although the phosphorylated motif may
be mechanically indistinguishable from an Ig-like fold in
both incremental contour length, DLC, and unfolding force,
FUnfold, by no means do we propose that the phosphorylated
motif has adopted an Ig-like fold, with its associated
hydrogen bonding between b-strands (51), given the lack
of any change in secondary structure upon phosphorylation
(Table 3). Given the similar mechanical characteristics to
Ig domain unfolding, then phosphorylated motif unfolding-
like behavior most likely also occurred in the more
commonly observed force-extension traces with three or
four unfolding events (Fig. 1, D–F), with the point of probe
attachment to the protein, rather than the lack of motif un-
folding, determining the number of peaks. Although trivial
explanations could account for a fifth unfolding event, the
fact that the final contour length, LC(Unfolded), for these four
traces (172 5 19 nm; Fig. 8) is similar to that of the
C0-C3AAA and C0-C3AAAA control traces (170 5 12 nm)
exhibiting four unfolding peaks (LC(Unfolded); Fig. 1, A–C)
provides strong evidence that these force-extension traces
originated from a single molecule. This would imply that
one of the five peaks in these force-extension traces repre-
sents the destabilization of the phosphorylated motif. An
important avenue of future investigation will be to determine
how phosphorylation at a specific site or sites influences the
mechanical stability of the phosphorylated motif.
A possible mechanism for the phosphorylation-dependent
reduction in LC is that the motif adopts new secondary struc-
tural elements. Therefore, we performed CD and DLS exper-
iments to structurally characterize the motif and its stability
before and after phosphorylation. Based on CD spectros-
copy, both C1-C2AAAA and C1-C2DDDD at 15C have exten-
sive b-sheet secondary structure, which is consistent with theBiophysical Journal 104(2) 442–452
FIGURE 8 (A–D) Force-extension traces (with wormlike chain model
fits as solid lines) of phosphomimetic DDDD (A and B) and DDD (C and
D) constructs showing a clear separation between the AFM probe and glass
surface (S) followed by five unfolding events (1–5) and subsequent detach-
ment (Det.). Measured FUnfold values for each peak are highlighted by hori-
zontal bars. The final contour lengths of these traces (LC(Unfolded)) are
consistent with the 549 amino acid sequence of the C0-C3 fragment, and
are comparable to the final contour lengths of nonphosphorylated fragments
having only four unfolds.
450 Michalek et al.presence of two Ig-like domains, and smaller amounts of
a-helix are also present (Table 3), as previously measured
by CD for C1-C2 (30). Interestingly, fitting the CD spectra
using the CONTIL algorithm alone suggested that
C1-C2DDDD has an ~10% higher a-helical content than
C1-C2AAAA. This is consistent with previous NMR mea-
surements showing that substitution of an aspartic acid at
S273 extends a helical structure between residues 265 andBiophysical Journal 104(2) 442–452270 (32). One must use caution when placing emphasis on
small differences in secondary structure using CONTIL,
because errors in protein concentration can lead to calcu-
lated differences in helical content (52,53). However, this
apparent difference in helical content is consistent with the
temperature-dependent CD differences in C1-C2AAAA and
C1-C2DDDD (Fig. 5, A and B). The DLS data provide further
evidence for stability within the motif because C1-C2DDDD
is predicted to be more rigid than C1-C2AAAA. Because
the only change between C1-C2AAAA and C1-C2DDDD is
the introduction of negative charge in the motif, together
these structural data support the AFM results suggesting
that phosphorylation stabilizes the motif’s structure.Physiological relevance of phosphorylation-
dependent changes in motif structure and
mechanics
The ability of cMyBP-C to modulate actomyosin force and
motion generation must relate to its binding to actin and/or
myosin, which has been localized to the N-terminal C0-C2
domains (9,13,20,21,54–56) and at a minimum, the first
29 kDa, which encompasses domains C0-C1 and 17 amino
acids of the motif (13,14). Therefore, the changes in motif
structure and mechanics reported here provide a molecular
basis for the phosphorylation-dependent modulation of
cMyBP-C’s interaction with its binding partners.
To be an effective modulator of actomyosin function
within the sarcomere, the cMyBP-C N-terminal actomy-
osin-binding domains should extend at least 15–20 nm
from the thick-filament surface to reach their farthest
binding partner, the actin-containing thin filament (57), as
suggested by electron tomographic reconstructions (4).
The mean-squared end-to-end length, R, of a disordered
polymer may be approximated by <R2> ¼ 2LCLP (58).
The persistence lengths measured here (average of
0.4 nm) thus predict globular conformations for the motif
and Pro-Ala linker, with lengths of 3.8 and 4.5 nm respec-
tively, which added to four 4 nm Ig domains predicts
a 25.2 nm length for C0-C3, consistent with the dimensions
of this fragment predicted by SAXS (31). The additional
flexibility and extensibility of the nonphosphorylated motif
may allow the N-terminal 29 kD to find its binding partners
by exploring its sarcomeric space via an effective fly-casting
mechanism (59), an ability that likely would be impaired by
the increase in motif rigidity (as seen by CD) and decrease
in motif extensibility (as seen by AFM) after phosphoryla-
tion. Extensibility of the nonphosphorylated motif may
also be required for N-terminal domains to remain attached
to actin and/or myosin during sarcomeric shortening (33),
while the C-terminal domains remain anchored to the thick
filament. Finally, the conformationally dynamic nature of
the motif (Fig. 7) may be required to expose actomyosin-
binding sites or portions of sites that exist within the motif
(33). Thus, reducing cMyBP-C’s motif extensibility by
cMyBP-C Motif Phosphorylation 451phosphorylation may provide a means of regulating
cMyBP-C’s affinity for actin and/or myosin (60), either by
limiting its fly-casting capacity or by stabilizing the motif
structure so that part of the actomyosin-binding interface
is compromised. In fact, differential changes in actin- versus
myosin-binding affinity with motif phosphorylation might
even allow cMyBP-C to shift between its two binding part-
ners (55) depending on the extent of phosphorylation.
In this studywe have defined a general physicalmechanism
for regulation of cMyBP-C function via phosphorylation;
however, important areas of future investigation include
testing shorter protein fragments to better isolate the mechan-
ical properties of the motif by eliminating confounding
contributions from flanking domains, and determining the
effects of specific sites of phosphorylation and the number
of these sites on cMyBP-C’s molecular mechanics.SUPPORTING MATERIAL
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